Summary The results of a previous study suggested that an association between childhood leukaemia and the radiation dose received occupationally by a father before the conception of his child might provide the explanation for the marked excess of childhood leukaemia and non-Hodgkin's lymphoma in the village of Seascale, West Cumbria. The present study identifies other small areas (electoral wards) 
In 1984, the Independent Advisory Group (chaired by Sir Douglas Black) confirmed a media report of a substantially raised incidence of leukaemia among children resident in the coastal village of Seascale, situated about 3 km south of the Sellafield nuclear installation in West Cumbria (Independent Advisory Group, 1984) . One of the recommendations of the Group was that a case -control study of leukaemia and lymphoma diagnosed among young people under 25 years of age resident in West Cumbria should be carried out. In 1990 , Gardner et al. (1990a reported the initial results from a case-control study of such cases among those born in West Cumbria.
The most striking finding of this case-control study was a novel statistical association between relatively high recorded doses of ionising radiation measured by film badges worn by men employed at Sellafield before the conception of their children and leukaemia (and leukaemia and non-Hodgkin's lymphoma combined) in these children (Gardner et al., 1990b; Gardner 1992) . Gardner et al. (1990b) suggested that this association was sufficient to explain the excess of leukaemia cases in Seascale.
Subsequently, as the consequence of another recommendation of the Independent Advisory Group (1984), Craft et al. (1993) published the results of a geographical study of cancer incidence in young persons aged 0-24 years residing in small areas (electoral wards) of the north of England during 1968- 85. They confirmed the excess incidence of leukaemia in Seascale, but also identified notable excesses of leukaemia cases in another ward in West Cumbria (Egremont North) and in a ward adjacent to West Cumbria (Broughton). The objective of this paper is to determine whether the leukaemia excesses in these two wards during this period, and in any other wards in West Cumbria, are associated with recorded doses of radiation received occupationally by the fathers before the conception of the affected children.
Materials and methods
Subjects are young people with leukaemia and non- Hodgkin's lymphoma, diagnosed between 1968 and 1985 while under 25 years of age and resident in the area served by West Cumbria District Health Authority, consisting of Copeland county district and part of Allerdale county district (Figure 1 ). Also included is the adjacent electoral ward of Broughton (in South Lakeland county district), where a raised incidence of childhood acute lymphoblastic leukaemia during this period has been reported . The cases are those included in the study of Craft et al. (1993) , plus additional cases (e.g. late registrations) discovered using information held by the North of England Young Persons' Malignant Disease Registry (Craft et al., 1987) .
Cases were grouped into the following six diagnostic been used in other pertinent studies of leukaemia and nonHodgkin's lymphoma (Gardner et al., 1990b; Craft et al., 1993; Draper et al., 1993; Roman et al., 1993 . Age-sex-specific expected numbers of cases for each ward were obtained by multiplying weighted mean ward populations by the relevant reference incidence rates. The age-sex-adjusted expected numbers required for this study were calculated by summing the pertinent age-sex-specific expected numbers. (Gardner et al., 1990b; Gardner, 1992) has not been confirmed in a more detailed subsequent study Safety Executive, 1993, 1994 Table I Observed numbers of cases, incidence rate ratios and associated 95% confidence intervals for the six diagnostic categories and three age groups used in this study, for West Cumbria health district and Copeland county district (with and without Seascale ward), during 1968- Eight electoral wards were found to be associated with an incidence rate ratio having a 95% confidence interval excluding 1.0. The raised incidence rate ratios that achieve nominal statistical significance are given in Table II , and the associated wards are shown in Figure 1. (The absence of ratios significantly below 1.0 is not surprising, given the small expected numbers associated with wards). (Independent Advisory Group, 1984; Gardner et al., 1990b; Craft et al., 1993; Draper et al., 1993; Safety Executive, 1993, 1994; Bithell et al., 1994; Kinlen, 1993 (Table II) .
Particularly striking (two-sided P<0.01) are the incidence rate ratios for acute lymphoblastic leukaemia in young children (0-4 years of age) resident in the ward of Egremont North, and for acute myeloid leukaemia in children (0-14 years of age) resident in the ward of Sandwith. Incidence rate ratios for acute lymphoblastic leukaemia in Egremont North . Other raised incidence rate ratios (Table II) are not as impressive because of the heterogeneity of the diagnoses associated with these ratios and because of lower levels of statistical significance. Several nominally significant ratios would be expected to be found by chance alone, given the number of comparisons carried out in this study, many of which are not independent. However, the incidence of all childhood leukaemias in the ward of Broughton (South Lakeland) is also noteworthy. It should be noted that the results of this study for Broughton differ from those presented by Craft et al. (1993) because one of the cases tabulated as acute lymphoblastic leukaemia by Craft et al. (1993) has been reclassified as acute myeloid leukaemia as a result of the investigations carried out for this study. The leukaemia and lymphoma cases occurring among young persons resident in West Cumbria have now been studied in considerable detail, and it is unlikely that new cases for the period covered by this study will be found. In addition, case classification details are not likely to undergo further change. This degree of completeness of incidence data is not equalled in the rest of the Northern and North-Western regions, and this must tend to inflate incidence rate ratios artificially. However, the background ascertainment of cases in these two regions is high (Independent Advisory Group, 1984; Craft et al., 1993; Draper et al., 1993; Kinlen, 1993) (1993, 1994) has demonstrated that the association between childhood leukaemia and paternal preconceptional radiation dose is confined to children born in Seascale, even though more than 90% of the offspring of exposed fathers were born in West Cumbria outside this village Wakeford et al., 1994a) . Further, Kinlen (1993) . However, as in Egremont North, these excess cases have occurred not among children with preconceptionally exposed fathers, but among children of fathers who were not employed in the nuclear industry before the child's birth and had no preconceptional radiation dose record Urquhart et al., 1991) . If Executive, , 1994 . Further, the association has been found to be restricted to Seascale-born children Safety Executive, 1993, 1994) , which is incompatible statistically not only with the negative findings of studies conducted outside West Cumbria (Little et al., 1994) , but also with the absence of an excess risk in the great majority of the children of the Sellafield workforce who were born outside Seascale Safety Executive, 1993, 1994) . Doll et al. (1994) have concluded that the association reported by Gardner et al. (1990b) 'is largely or wholly a chance finding'.
Similarly, the United Nations Scientific Committee on the Effects of Atomic Radiation (1994) concluded that an explanation of the Seascale cases based upon this association 'has largely been discounted'. Our study offers further evidence against a causal interpretation of the association reported by Gardner et al. (1990b) .
An explanation of the Seascale and Egremont North childhood acute lymphoblastic leukaemia cases in terms of a common causal factor is appealing. One possible explanation for the Seascale cases that has been assessed in considerable detail (Independent Advisory Group, 1984; Committee on Medical Aspects of Radiation in the Environment, 1986; Stather et al., 1988a; Simmonds et al., 1995) is the radiation doses received by chidren from Sellafield radioactive discharges; but these doses have been found to be more than two orders of magnitude below those required to account for the excess cases (Stather et al., 1988a; Simmonds et al., 1995) . It is difficult to see how this difference could be eroded sufficiently for environmental radiation doses to be a viable explanation for the Seascale cases (Stather et al., 1988b; Wheldon, 1989; Simmonds et al., 1995) . Doses to children living in the ward of Egremont North, which is further from Sellafield than Seascale and is also located away from the coast, must be even lower than those for Seascale.
Kinlen (Kinlen, 1993 (Kinlen, , 1995 Kinlen and John, 1994; Kinlen et al., 1993 Kinlen et al., , 1995 has produced compelling evidence that unusual forms of population mixing lead to a raised risk of 678 childhood leukaemia, which is consistent with an infective basis for childhood leukaemia. There is no doubt that Seascale has been extreme in terms of isolation, high socioeconomic class and population turnover Kinlen, 1993 Kinlen, , 1995 Kinlen et al., 1995; Gardner et al., 1987a, b) , factors that appear to be conducive to raised levels of childhood leukaemia (Kinlen, 1995; Kinlen et al., 1995 (Kinlen, 1995) .
